spectroscopy to water quality monitoring over the past 20 years, identify emerging technologies, and discuss future challenges.
INTRODUCTION
A wide range of parameters are used to describe water quality, which can be broadly subdivided into the following groups: indicator, microbiological, organic, and inorganic. The concept of water quality is thus essentially a multivariate one. Some examples of indicator parameters are color, conductivity, hydrogen ion concentration, odor, and taste. Organic chemicals that may be found in natural waters include chlorinated alkanes, benzenes and ethenes; inorganic chemicals include cadmium, lead and nickel. Microbiological organisms of concern include Escherichia coli (E. coli), enterococci, and pseudomonads. These groups of quality parameters may be further subdivided; for example, the U.S. Environmental Protection Agency (EPA) further subdivides organic parameters into disinfectants and pesticides.
Environmental waters are exposed to contamination by thousands of micropollutants from pharmaceutical, agricultural, and natural origins. Monitoring of water quality presents a complicated multispatial and multitemporal problem extending from surveillance monitoring of surface or ground waters to operational monitoring of waste waters. International organizations such as the World Health Organization, U.S. EPA, and the European Union provide guidelines including maximum allowable concentrations of various contaminants in water. [1] [2] [3] A selection of guideline standards as published by the European Community for quality of water intended for human consumption is presented in Table 1 .
Standard methods for water quality analysis involve intensive sampling regimes and multistep sample preparation, requiring manual inputs, which prohibits their integration into continuous monitoring systems. Analytical determination of contaminants is typically carried out by extraction of the compounds of interest from the water matrix, using separation methods such as high-performance liquid chromatography or gas chromatography coupled to selective detection methods such as mass spectrometry. Sample preparation required in these multistep methods is lengthy and typically the most crucial step in the detection process. In some cases, turnaround times for : "there is a growing need for in situ sensor technologies that can provide high temporal and spatial resolution data in real-time, with an appropriate standard of data quality, to supplement techniques and methods for laboratory analysis." (p. [1647] [1648] [1649] [1650] [1651] An early warning system (EWS) encompasses all scanning, monitoring, and analyzing efforts related to contaminant detection in water. The EPA has defined a need for EWSs with the following characteristics: rapid response, detection of a wide range of potential contaminants, low skill operation, sufficient sensitivity, and remote and continuous operation. 5 At present, viable integrated EWSs that meet the desired performance characteristics and that can be routinely used are not available. Nevertheless, a wide range of new screening and monitoring emerging tools (SMETs) have been developed to aid in the task of water quality monitoring. A review of advances in online monitoring of drinking water quality has recently been published, 6 which gives an overview of the current state of the art, based on visits to water utilities, research, and technology providers throughout Europe. The main characteristics of these tools are on site, in situ, or continuous measurement; fast response; and relative ease of use. Such tools can provide temporal and spatial water quality assessment at a relatively low cost and may help to reveal the existence of rare and sudden pollution peaks that might not be detected by existing monitoring systems. However, according to a best practice guide on the use of SMETs, many of these emerging tools have not yet been fully validated and as such are not widely accepted by water quality monitoring experts. 7 Established methods for water quality assessment go through extensive certification and validation processes prior to their implementation (e.g., interlaboratory trials to demonstrate their comparability); such processes are expensive yet crucial to the acceptance of SMETs. Apart from validation, the adoption and implementation of new methods faces other substantial challenges, such as retraining costs and lack of comparable historical data. Consequently, SMETs are not currently regarded as replacements for traditional monitoring tools, but rather as complementary tools, for rapid on-site measurements, identification of temporal changes in water quality, rapid screening, and wide-scale monitoring of water bodies. 8 The development of water quality sensors that are both sensitive and selective to multiple contaminants in water presents a substantial challenge for SMETs and is currently an area of active research. Vibrational spectroscopy encompasses a wide range of techniques that have been applied for this purpose. In this review we aim to give an extensive overview of the developments in vibrational spectroscopy for water quality monitoring and to establish the current state of the art.
VIBRATIONAL SPECTROSCOPY: A BRIEF OVERVIEW
The vibrational spectrum of a given molecule is unique and can be used for its identification. It is also highly dependent on the physical state of a sample. Thus, vibrational spectroscopy may be used to probe chemical and physical properties of materials and has been successfully applied to quality monitoring of numerous products, notably in the food and pharmaceutical industries. Infrared (IR) and Raman spectroscopy are the principal techniques of vibrational spectroscopy. Both result from molecular energy transitions between quantized vibrational states. 9 The IR region, extending from 750 to 1 mm, is subdivided into the near infrared (NIR; 750-2500 nm), mid-infrared (MIR; 2500-16000 nm), and far infrared (FIR; 10-1 mm). Fundamental frequencies for molecular vibrations (e.g., stretching, bending) occur in the MIR region. Overtone and combination bands, usually overtones of bond-stretching in the X-H, X-H2, X-H3 groups, where X C, N, or O arise due to the anharmonicity of these vibrations and appear in the NIR region. The intensity of these bands is usually weaker than that of the fundamental frequency and absorption bands tend to overlap in the NIR. Consequently, the MIR range is more molecule-specific than NIR. The FIR is rarely utilized for structural elucidation of molecules at present. This is mainly due to reduced performance of thermal light sources and photon detectors in this region. For this reason, in this review we focus on the MIR and NIR regions of the IR spectrum.
Fourier transform infrared (FT-IR) spectroscopy is the standard spectroscopic method currently used to acquire MIR spectra. The high absorption of water in the MIR range means that, in order to measure aqueous samples, very short pathlengths (i.e., thin samples) are required. Pathlengths between about 10 and 100 µm are necessary to avoid signal saturation and at the same time to provide a sufficiently strong signal. Such thin samples are difficult to prepare, however, attenuated total reflection (ATR) FT-IR, also known as evanescent wave spectroscopy (EWS), provides a solution to this problem. The use of an internal reflection element (IRE) or waveguide (i.e., an optically transparent material with high refractive index) ensures that the IR beam propagates through a series of reflections at the sample-IRE interface. The evanescent wave penetrates into the sample when it is in direct contact with the IRE. Zinc selenide (ZnSe) crystals are commonly used as IREs due their relatively low cost and transparency in the IR range. The ATR element is usually located inside the instrument, reducing the capability for remote measurement. In order to overcome this limitation, IR transparent fiber optics (FOs) have been developed. Silver halide is commonly used to make such FOs since this material is relatively soft and can be shaped into different geometries, including flattened, tapered, U -shaped, and spiral.
Since water is a strong absorber of MIR light, the development of water quality sensors in the MIR has depended on the use of pre-enrichment steps such as solid phase microextraction (SPME). Apart from the problem of strong absorption of water in the MIR region, multicomponent water samples are often too complex to analyze directly. Various membrane extraction methods have been developed to extract the contaminant of interest prior to acquiring its vibrational spectra. The SPME method does not require the use of solvents facilitating selective preconcentration of compounds in aqueous solutions. Alternatively, polymer membranes may be coated directly on the ATR element, or on MIR transparent optical fibers to facilitate extraction. Fiber optic evanescent wave spectroscopy (FEWS) is usually applied in this case. This method requires equilibrium between the aqueous and stationary phase to be reached prior to acquiring the vibrational spectra. Alternatively, the membrane or solid phase can be exposed to the gaseous (i.e., headspace) phase of a sample for a period of time and subsequently presented to the spectrometer.
The weak absorption of light in the NIR compared with that in the MIR facilitates greater sample thickness and direct measurement of water samples. In addition, adsorption problems, relevant in the thin cell or ATR cell configurations of MIR spectroscopy, are less prominent in the NIR. However, NIR spectra are more complicated to analyze than IR spectra due to the combination of vibrational modes present, leading to highly overlapped absorption bands. In order to extract useful information, it is necessary to apply multivariate techniques such as multiple linear regression, principal component analysis, and partial least squares regression.
IR bands result from changes in the dipole moment of a molecule, whereas Raman bands arise from changes in the polarizability of the molecule. If a vibrational mode is IR active, IR and Raman spectra will be qualitatively the same; however, some Raman active modes are not IR active. In addition, certain bands showing weak absorbance features in the IR are strong in Raman (e.g., C C stretching bands). Raman spectra are more distinct and less overlapped than NIR spectra and Raman spectroscopy, similar to NIRS, is capable of direct measurement on water systems, since water is a relatively weak Raman scatterer. Therefore, Raman spectroscopy is said to be complementary to IR spectroscopy. 10 Surface-enhanced Raman spectroscopy (SERS), developed in the 1970s, facilitates a large enhancement of the Raman scattering signal by absorbing analytes on roughened metal surfaces or colloidal metal particles. Metal surfaces, such as copper, silver, and gold, which exhibit a weak Raman response, are commonly used as substrates. This method has been applied to aqueous solutions, as we discussed further in section 3. Membrane extraction methods are commonly used in combination with Raman spectroscopy.
APPLICATIONS OF VIBRATIONAL SPECTROSCOPY TO WATER QUALITY MONITORING
Although water is the most abundant molecule in biological systems, its structure is still not fully understood. Water is composed of small molecules with strong potential for hydrogen bonding, and therefore is highly sensitive to changes in its surroundings. These changes are reflected in its light absorbance pattern. As a consequence, vibrational spectroscopies, particularly NIRS and Raman spectroscopy, have for many years been used as a tool for understanding water structure. 11 There are currently two main categories of models for describing water structure termed mixture and continuum models. Mixture modes consider water to be a multicomponent mixture of molecules with different numbers of hydrogen bonds, which break as temperature is increased. Continuum models regard water as a system that is more or less completely hydrogen bonded; these bonds weaken with increasing temperature. A number of studies on the effect of temperature on vibrational spectra of water support the mixture model of water structure, 12 while the continuum model has also been shown to be consistent with observed data. 13, 14 In tandem with technological developments, advances in understanding of water's behavior foster the development of new water monitoring tools. However, the leap from theory to application has not always been rapid; for example, the effect of temperature on the NIR spectrum of water structure was known from the 1960s, but tools for measuring temperature based on NIRS were not developed until the 1990s. 15 Since then, a vast body of research has emerged in the development of sensors for water quality monitoring based on vibrational spectroscopy. Using the subdivision of water quality parameters as mentioned in the introduction (i.e., indicator, microbiological, organic, and inorganic parameters), in the following sections we discuss recent applications of MIR, NIR, and Raman spectroscopy for water quality monitoring.
Indicator Parameters
NIRS in the wavelength range of 700-1200 nm has been demonstrated for measurement of chemical and physical properties of water. Using low-cost FO probes, Lin and Brown showed that the variable effects of different electrolytes (NaCl-HCl, NaCl-NaHCO 3 and Na 2 CO 3 ) on water structure could be used for their simultaneous determination in mixtures. 15 They also demonstrated the potential of NIRS for simultaneous measurement of 15 physicochemical properties of water, including density, dielectric constant, vapor pressure, and enthalpy. In another paper, this group demonstrated the use of NIRS for measuring seawater salinity, reporting a standard error of prediction of 0.22%. 16 
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The presence of ions in solution affects hydrogen bonding in water, and this can be measured directly with NIRS. 17 Consequently, NIRS has been used to estimate the concentration of OH-and H+ ions in solution (i.e., pH). 18 It has been demonstrated that binary mixtures of inorganic salts could be quantitatively analyzed with NIR due to the specific effects of cation-anion OH interactions. 19 A cation adjacent to a water molecule tends to attract the oxygen atom of the water molecule and repel the hydrogen atom, resulting in a loosening of the O H bond, and a corresponding shift in its stretching frequency to a longer wavelength. An anion, adjacent to water molecule, will attract the hydrogen atom of the water molecule, also causing a loosening of the O H bond. Therefore, both anions and cations should cause similar effects (i.e., a shift to a longer wavelength). Such ion-induced shifts are distinct from structure-induced shifts, which arise due to changes in the arrangement of water molecules in the electrostricted and intermediate region around the ion. 20 NIR reflectance spectroscopy has been employed to measure lake water quality indirectly through measurement of small algae in lake water. 21 Water samples taken from different lakes were filtered, and NIR spectra of the dried filters were obtained. Reference water quality parameters measured in this study were total organic carbon, total phosphorus, color (Abs420), and pH. Models developed from NIR spectra for inference of lake water pH, total organic carbon, and color were deemed to be useful for screening purposes, while total phosphorus of the particulate material could be accurately predicted. A similar method was used to demonstrate the use of NIRS for screening of river seston (suspended particulate matter) downstream of an effluent discharge point. 22 More recently, FT-IR has been applied for monitoring microalgae grown in different environments in the presence of NaCl, using either NO 3 − or NH 4 + as the nitrogen source. 23 Cell suspensions were prepared using a multistep process prior to spectroscopic measurement. After passing through nylon filters, the cells were washed twice in an iso-osmotic solution of ammonium formate, they were then resuspended in ammonium formate solution. This suspension was deposited on a silicon window which was dessicated at 60
• C for 3 hr. Absorbance FT-IR spectra of the residue on the silicon window were then recorded. It was possible to classify the algae samples according to their growth environments using hierarchical cluster analysis, suggesting that differences in FT-IR spectra of microalgae response could be used as an indirect method to gain knowledge on the water quality environment of their origin.
Microbiological Parameters
Few studies exist reporting the use of vibrational spectroscopy for detecting microbial contamination in water. The majority of these focus on the use of vibrational spectroscopy for discriminating between live and dead cells of bacterial species and there is little information available on the detection limits achievable. One research group demonstrated the potential of MIR spectroscopy for detection and identification of the bacterial strains P. aeruginosa and E. coli, both separately and in mixed cultures, in drinking water. 24 As a pre-enrichment step, inoculated tap water samples were passed through an aluminum oxide membrane filter under partial vacuum. The filter was dried under laminar air flow at room temperature for 5 min and then placed directly on an ATR IRE for measurement. Second derivative spectra indicated spectral variations in amide, phosphodiester, and polysaccharide compounds, which were related to the different bacteria studied. The multivariate classification technique known as soft independent modeling of class analogy was used to classify spectra, with >83% correct classification rate reported. In later work, this research group used the same method for monitoring the effect of chlorine induced injury on P. aeruginosa and E. coli in water. 25 In this study, a correct classification rate of >70% for discriminating between chlorine injured, dead and intact bacterial cells was reported. Although acceptable classification results were reported in these studies, it is not clear how this method would perform on real water samples. More recently, the potential of UV-vis-NIR spectroscopy for characterization of E. coli in broth has been investigated, 26 with researchers reporting that it was possible to detect cell contents that are released after membrane damage in the. This research suggests the potential of NIRS for characterization of microbial contamination in water, although this has yet to be demonstrated conclusively.
Organic Parameters
The majority of applications of vibrational spectroscopy for detection and quantification of organic parameters have been carried out in the MIR range, with lowest reported detection limits in the tens of parts per billion range (Table 2 ). These applications are discussed in more detail subsequently.
MIR FOR DETECTION OF ORGANIC PARAMETERS IN WATER
SPME coupled with MIR spectroscopy has been investigated for the determination of volatile organic compounds in water. In one study, 27 parafilm was used as a solid phase; it was suspended in the headspace of jars containing the aqueous solution (benzene, chlorobenzene, toluene, chloroform, or p-chlorotoluene), which was then stirred. After this extraction process, FT-IR spectra of the films were obtained. Limits of detection in the range of 66 ppb to 1.3 ppm were reported, and reproducible extractions were achieved with a 30 min extraction time. In order to validate the Note. MIR = mid-infrared; NIR = near infrared. Publications for which only root mean square error of prediction values were quoted.
procedure, the method was also applied to real water samples spiked with benzene-ethylbenzene-toluene-xylene (BETX) compounds. It was reported that solid matter within the real water samples did not significantly affect the extraction and detection of the tested compounds. 27 A similar method has been employed for estimation of oil and grease content in water. 28 In this study, several oils and greases were examined including n-hexadecane, n-tetradecane, n-nonadecane, and n-docosane, in which polytetrafluoroethylene (PTFE) disks were used as a solid phase. The PTFE disks were suspended in the headspace of test tubes containing the contaminated water samples and the assembly was placed in an oven to facilitate extraction. After the extraction phase, which lasted from 1 to 14 hr, transmission spectra of the PTFE disks were obtained. The authors identified CH stretching bands in the spectra of the PTFE disks after extraction, and observed that the position of the maximum corresponding to the CH stretch changed according to the contaminant studied, thus allowing identification of the different oils studied. The effect of the water matrix was evaluated by using three different types of water (tap, Milli-Q, and seawater) and it was reported that the water matrix did not cause any significant difference in detection ability.
Other researchers reported the use of a polyvinyl chloride (PVC) sensing phase in combination with FT-IR spectroscopy for detection of BTEX compounds in water. 29 The PVC sensing phase was placed in a vial which was filled with the aqueous solution; the sensing phase was then removed from the vial and tested using an FT-IR transmission spectrometer. The studied films reached saturation after 180 min; however, 60 min enrichment was stated to be sufficient to generate a signal strong enough to measure the selected analytes. The addition of a plasticizer to the film was shown to improve the sensitivity of the method and limits of detection ranging from 4 ppm, for xylene, to 9 ppm, for ethylbenzene, were reported.
Polymer membranes coated directly onto the waveguide may also be used to enrich concentration at the sensor surface. A comprehensive review of the use of MIR ATR sensors that employ trapezoidal IREs coated with membranes to detect organic pollutants in aqueous environments has been recently presented. 30 The coated IRE may be placed in a flow cell that presents the aqueous solution to the sensing surface; however, it is critical that the membrane is robust and chemically stable in environmental waters. FT-IR-ATR spectroscopy combined with polymer coatings generated directly on the IRE surface has been proposed for quantification of organic compounds in aqueous solution. 31 Ethylene-propylene copolymer (E/PCo) films coated on the surface of a ZnSe crystal waveguide have also been applied for quantification of BTEX compounds in water, facilitating direct detection of the compounds, which exhibited well-separated absorption features in the MIR wavelength range. 32 Limits of detection varying between 20 ppb for xylene and -80 ppb for toluene were reported.
A sensor for detecting phenolic compounds in water using different SPMEs combined with FT-IR spectroscopy has been developed. 33 The SPMEs were coated directly on to ZnSe IREs and polyacrylonitrile cobutadiene was found to be the most suitable polymer coating among those tested. Standard aqueous solutions of phenols were used for calibration development and detection limits of lower than 200 ppb were reported, although sensitivity was lower for high-polarity compounds, such as phenol, 3-hydroxlyphenol, and 2,4-dinitrophenol. This calibration technique was applied to environmental water samples and it was demonstrated that the variable water matrix in such samples did not significantly affect the detection ability. Soaking the SPME phase in water containing 5% methanol for 20 min was reported to be sufficient for its regeneration. The development of molecularly imprinted polymers (MIPs) that selectively extract specific molecules in the presence of others facilitates improved sensitivity of enrichment-based MIR methods for water quality monitoring. MIPs selective for the herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) have been developed. 34 The MIP film was generated on a ZnSe ATR crystal, mounted into a flow cell through which analyte solutions were pumped. Saturation of the film was achieved after 15 min and the sorption process could be completely reversed using a buffer solution. Limits of detection ranging from 3 to 210 µmol were reported, depending on the wavenumber range employed in the analysis. More recently, an MIR-based sensing methodology in which the properties of the sensing phase can be modified has been developed. 35 This was achieved using the sol-gel process in which variations of sol-gel precursors and processing conditions facilitate tailoring of the polymer properties, such as porosity, functionality, and polarity.
There is an extensive body of research on the development of MIRbased evanescent sensors that employ polymer-coated FOs for detection of organic pollutants in water. 36 Since the first research showing the potential of FEWS around 20 years ago, numerous advances have been reported that extend the potential of this technique for continuous monitoring in real water bodies, including the subsea environment. The research teams of Mizaikoff and Katzir have contributed major developments in this area. 32, 34, [36] [37] [38] [39] [40] [41] They developed a laboratory prototype for a FEWS sensor for in situ real-time detection of hydrocarbons in water that consisted of an FT-IR spectrometer and silver halide fibers coated in a thin film or E/PCo for sample enrichement and water exclusion. 38 This remote dip probe was capable of remote measurement of TeCE solutions with a detection limit of 300 ppb attainable after an enrichment period of 10 min. In later work, this team developed a miniaturized system for monitoring chlorinated hydrocarbons in waste water and other media. 40 This system, consisting of a miniature spectrometer (8000-12500 nm) and silver halide optical fibers coated in polyisobutylene, poly(acrylonitril-co-butadien), or E/PCo, facilitated a detection limit of 900 ppb for tetrachloroethylene in water.
An MIR-FEWS sensing system for pollution monitoring in the subsea environment has also been developed. 42 This consisted of an FT-IR spectrometer coupled to a silver halide optical fiber sensor coated with E/PCo. A conventional lab-based ATR spectrometer with an E/PCo layer was used to demonstrate the feasibility of the proposed system and it was shown that it could detect chlorinated hydrocarbons in artificial seawater at low ppb (100-115 ppb) concentrations.
Current methods for pesticide detection require sample enrichment followed by gas chromotography-mass spectrometry-liquid chromatography-enzyme ammunoassay and are unsuitable for field testing, continuous monitoring, or screening. As a consequence, there has been much interest in the development of MIR sensors for pesticide detection in water. Sensors comprising of a polymer film coated on either an ATR crystal or silver halide FO has been developed and tested for detection of atrazine and alachlor. 43 With the proposed system, detection limits of 2 ppm were achievable and pesticide enrichment on the film was reversible within 5 min with a water wash. In order to demonstrate the potential for continuous analysis, the polymer coated FO was mounted in a sample flow cell which was filled with aqueous pesticide. The application of a FEWS system consisting of flattened silver halide fibers coupled to an FT-IR spectrometer for direct detection of the pesticides dichlorvos, diazinon, and parathion in water has been reported. 41 Detection limits as low as 1 ppm were attained within 30-s exposure time without the use of an enrichment layer. The same sensor, coated with an enrichment layer and coupled to a lead salt diode laser IR source, was capable of detecting hydrocarbons in water at concentrations below 0.1 ppm. This research team also developed a remote sensing system using a 15 m long U -shaped silver halide fiber. The performance of this system was demonstrated for TeCE detection, with a reported limit of detection of 0.2 ppm.
NIRS FOR DETECTION OF ORGANIC PARAMETERS IN WATER
Solid phase extraction in combination with NIRS has been demonstrated for detection of a variety of organic compounds in water. For instance, the concentration of BTEX compounds in water has been measured using a silicone rod attached to an NIR transflectance probe. 44 The probe assembly was placed in an aqueous solution containing BTEX compounds that was mechanically stirred during measurements. Limits of detection of 8, 7, 2.6, and 3 ppm were reported for benzene, toluene, ethylbenzene, and m-xylene, respectively. The sensor was used on gasoline-and diesel fuel-contaminated water samples and discrimination between the contaminant sources using first derivative spectra was demonstrated. In a more recent study, pre-extraction was achieved by means of a solid polydimethylsiloxane disk placed in an aqueous solution containing BTEX compounds. 45 After agitation of the solution, the disk was removed and its NIRS obtained. Limits of detection of 0.080, 0.12, 0.14, and 0.27 ppm were reported for benzene, toluene, ethylbenzene, and xylene, respectively.
As previously mentioned, FO sensors facilitate remote detection of water quality. Coupled to an FT-IR spectrometer, FOs have been demonstrated for measuring nonpolar hydrocarbons in aqueous solution in the parts per million range. Due to the low attenuation losses in such fibers, long cable lengths are possible, facilitating even more remote monitoring. However, the technique is limited in complex matrices due to unspecific absorbance features in the NIR range and to the length of active transducer required. 36 In a different study, researchers used a silica core FO coupled to an FT-IR spectrometer operating in the NIR range to detect volatile organic compounds (trichloroethylene, 1,1,2 trichloroethane, toluene, chloroform, and tetrachloroethene) in aqueous solutions. 46 The FO was placed directly in the aqueous solution for 20 min prior to spectroscopic measurement. Calibration models were developed for the prediction of volatile organic compounds analytes using principal components and partial least squares regression and root mean square errors of prediction ranging from 6 to 31 ppm were reported.
Another group of researchers developed an NIR evanescent wave sensor consisting of a silicone-clad quartz fiber coiled on a stainless steel or Teflon support coupled to an NIR spectrometer. 47 This system was used for determination of chlorinated hydrocarbons and aromatics in water. Calibration models were developed to predict concentrations of dichloromethane, trichloroethene, and chlorobenzene. Low parts per million limits of detection were reported. The enrichment process was reversible; however, it required up to 71 min depending on the substance tested. This system was later enhanced through the development of a calibration method based on hydrocarbon extraction kinetics. 48 The method, which uses the initial gradient of the response curve to estimate analyte concentration, reduced measurement time from several hours to 20 min for samples with no or low agitation.
RAMAN SPECTROSCOPY FOR DETECTION OF ORGANIC PARAMETERS IN WATER
Some research on the application of Raman spectroscopy for determination of organic compounds in water has been reported, although the detection limits reported have been significantly higher than those achievable by MIR and NIR (Table 2 ). For example, the potential of SPME combined with Raman spectroscopy has been examined for detection of BTEX compounds in water. 49 A solid phase consisting of polydimethylsiloxane beads was placed in aqueous solutions containing BTEX compounds that were then shaken. The time taken to reach equilibrium ranged from 16 to 30 min; this facilitated preconcentration enhancements of 2-3 times, resulting in limits of detection in the ppm range. Application of the method to real environmental water samples indicated no significant interference from river and water well matrices, indicating the robustness of the method.
Raman spectroscopy has also been applied for speciation of organic contaminants in water. 50 Tautomeric forms of organic chemicals are not typically considered by many research and regulatory bodies; this may lead to gross errors in forecasting the fate and effects of organic compounds in the environment. The time scale of organic species interconversion (tautomeric equilibrium) is too rapid to allow physical separation of tautomers and it is not possible to remove these chemicals from water, as water actively interacts in the speciation process. Surface enhancement techniques are also Note. MIR = mid-infrared; NIR = near infrared; SEP = standard error prediction. Although differences in spectra indicated the detectability of solute concentration at this level the aim of the study was to investigate the effect of solutes on water structure, rather than to detect specific solutes.
problematic in speciation of tautomers, as the surfaces employed typically have more affinity for one species than another. This highlights the necessity of direct measurements in aqueous solution. In order to demonstrate this, meta-hydroxypyridine in deionized water was used as a model system. metahydroxypyridine exists in water at pH 7 as an equilibrium mixture of a neutral and a zwitterion. Temperature and pH were varied in order to quantitatively determine microequilibrium constants that coupled simultaneously occurring species of complex organics and Raman spectra were obtained directly on the water samples. Resolved spectra for each species were obtained, even though the species could not physically be separated from each other. Table 3 shows the minimum limits of detection (LODs) reported for detection of inorganic contaminants in water using MIR, NIR, and Raman spectroscopy.
Inorganic Parameters
MIR FOR DETECTION OF INORGANIC PARAMETERS IN WATER
Although a number of articles have been written that deal with the studying the influence of inorganic solutes on water using MIR spectroscopy, the majority are focused on understanding the effect of solutes on water structure rather than on detection of inorganic parameters per se. Masuda et al. 51 investigated changes in water structure brought about by addition of inorganic substances (NaCl, NaHCO 3 , and Na 2 CO 3 ) and changing temperature using a horizontal ZnSe ATR attached to an FT-IR spectrometer. MIR spectra of solutions of NaCl and Na 2 CO 3 were deconvolved using Gaussian curve fitting assuming that the broad spectral band centered around 3300 cm −1 results from four components with varying cluster size and H-bond distances. Using this approach it was possible to interpret increasing NaCl concentrations as increases in H-bond distance and increasing Na 2 CO 3 and NaHCO 3 concentrations as decreases in H-bond distances. Fillipan et al. 52 demonstrated the potential of ATR based MIR of acenotrile-water solutions for characterization of the stoichiometry of complexes of solvent molecules in the liquid phase for enhanced understanding of changes in mobile phase composition in chromatographic separations.
More recently, MIR ATR spectroscopy has been developed for the detection of gases in aqueous solutions. Modification of the third libration overtone of water due to the presence and growth of gas hydrates has been employed to detect total gas hydrate concentration. 53 It has been shown that this method can be used to continuously monitor hydrate growth dynamics of clathrate hydrates of ethane, methane, and propane in water. However, one drawback of this technique is that each of the clathrates is monitored via the same absorption band (i.e., the third libration overtone), their spectra revealing similar structural changes indicting a phase change from liquid to solid gas hydrate structures, making their distinction unfeasible. However, this drawback may not be important in the case where the goal is monitoring of the overall hydrate level. Other factors that must be considered, since they strongly influence the absorption spectrum include sample temperature and salinity. Moreover, measurements are confined to the local region encompassed by the evanescent field; therefore, the proposed method works well only for local monitoring. Nevertheless, the promising performance of the method when applied to seafloor sediments indicates its potential for future development. Other researchers have developed a sensing system for monitoring carbon dioxide concentration during sequestration as well as a coated evanescent waveguide with the coating selected for sensitivity to TNT explosives. 54 
NIR FOR DETECTION OF INORGANIC PARAMETERS IN WATER
It is clear that, among vibrational spectroscopies, the NIR dominates in terms of the number of reported applications for the detection of inorganic parameters in water (Table 3) . Although metals do not have absorbance in the NIR, their presence is detectable due to the interaction of metal ions with organic matter in environmental water or with OH bonds in water. Detection of the presence of low concentrations of metals (Cu, Fe, Pb, Zn) in HNO 3 /H 2 O solutions using NIR transmission spectroscopy (700-1860 nm) has been reported with promising prediction capability (ratio of prediction to deviation [RPD] >2).
The extraction of inorganic compounds in aqueous solutions by natural and synthetic materials has been used in combination with NIRS as an indirect method for water quality measurement. Organic matter present in environmental water bodies (e.g., lakes) can be thought of as a kind of naturally occurring solid extraction phase. NIR reflectance spectroscopy has been investigated for measuring carbon, nitrogen, phosphorus, and organic-bound cadmium in lake plankton as an indicator of lake water quality. [56] [57] [58] Samples taken from a lake were passed through glass-fiber filters. The filters were then dried and their spectra measured. Although good correlations were developed for carbon (RPD >3), the predictions of nitrogen and phosphorus (RPD >2) and cadmium were poorer (RPD = ∼2). In later work, the same researchers demonstrated the potential of NIR reflectance spectroscopy for the prediction of heavy metal content (Cd, Cu, Zn, Pb, Ni, Mn, and Fe) in freshwater sediment. 59 Trace lead (Pb) determination in water using NIRS combined with a preliminary enriching step has been reported. 60 In this study, water containing Pb at different concentrations was passed through a column of chelating resin under a vacuum. A diffuse reflection accessory was mounted on top of the resin column to obtain NIR spectra. Promising linear correlation between Pb concentration and absorbance in the 1006-1383 nm range was found and an LOD of 0.23 ppm was reported.
RAMAN SPECTROSCOPY FOR DETECTION OF INORGANIC PARAMETERS IN WATER
Raman spectroscopy has been used to study the effects of high hydrostatic pressure and additives on the dynamics of intramolecular and hydrogen bonds in water. 61 An increase in pressure led to a strengthening of intermolecular bonds and the addition of salts (chlorides and bromides of potassium and sodium) resulted in a loss of organized structure in water. More recently, Li et al. 62 examined the effects of different metal ions (Na + , Mg 2+ and Al 3+ , Ca 2+ , Mn 2+ , Al 3+ , and Fe 3+ ) on water structure using Raman spectroscopy to observe the OH stretching band.
The OH stretching band, located around 3000 and 3800 cm
, can be interpreted as the distribution of OH oscillators that are coupled by varying degrees depending on their environment; modification of this band is observed in the presence of ions. As a consequence, it is possible to use the OH stretching band observed by Raman spectroscopy at room temperature to determine concentrations of chlorides in aqueous fluids as recently reported. 63 Numerous geological salts were examined (LiCl, NaCl, KCl,CaCl 2 , MgCl 2 , and NaCl-CaCl 2 ) and the perturbation of Raman spectroscopy by chloride ions was related to the ionic character of an aqueous solution, being minimal for aqueous solutions containing cations with high solvation energy, as these do not provoke major perturbation in OH coupling, whereas for aqueous solutions containing cations with low solvation energies, more water molecules were expected to experience perturbations. SERS using sol-gel substrates has been investigated for cyanide detection in waste water. 64 The most characteristic Raman band of cyanide at around 2100 cm −1 became significantly enhanced when a gold metal substrate was used. This research was carried out using a low-resolution spectrometer in order to demonstrate a low-cost approach to detection. Despite the low resolution of the system, the proposed method achieved a detection limit in the region of 10 ppb. More recently, Raman spectroscopy has been employed for analysis of mineral content of commercial drinking water. 65 
Comparison of Techniques
Based on the available literature (see also Tables 2-3), it seems that there is no overall best vibrational technique for analysis of water quality. However, general trends in the published data indicate that some techniques perform better than others for selected parameters. The following paragraphs compare NIRS, MIRS, and Raman spectroscopy for detection of a selection of contaminants. It should be pointed out, however, that it is difficult to compare LODs reported in studies performed in different laboratories, using different instruments-the differences in performances may not solely arise due to the vibration technique selected, but also be related to the instrument or experimental design.
Techniques based on MIR coupled with silver halide FOs have been reported for the detection of pesticides in water. 41, 43, 66 To our best knowledge there are no studies reporting the used of NIRS for pesticide detection. This may be explained by the fact that CH bonds present in pesticide's spectra are better resolved in the MIR region than in the NIR. Although the detection of pesticides directly in water using Raman spectroscopy has not yet been widely reported, several studies have indicated its potential. For example, it has been shown that Raman spectroscopy is selective for detection of organophosphorus pesticides 67 and it has been employed for detection of pesticides on fruits. 68 The potential of SERS for pesticides characterization has been known for more than 30 years. 69 One recent study reported the use of gold nanorods and silver nanocubes for the spectral identification of pesticides 2,4-D, trichlorfon, and ametryn. 70 Among published studies on the detection of organic compounds in water the most successful attempts coupled the spectroscopic technique with a pre-enrichment step, either by SPME, as in the case of NIRS and Raman spectroscopy, or by employing a coated waveguide, as is the case in MIRS. For example, techniques for detection of BTEX compounds based on MIRS 32 and NIRS 45 both reported similar LODs, around 0.1 ppm, while a technique based on Raman spectroscopy 49 resulted in higher LODs, from 1 to 12 ppm ( Table 2 ). The MIR-based technique 32 involved the use of a polymer membrane coated on an IRE placed directly in the aqueous solution; the BTEX compounds were determined simultaneously in multicomponent mixtures. The more recently published NIRS-based technique employed a slilcon sensing phase prior to acquisition of NIR absorbance spectra and low detection limits were only obtained in the presence of NaCl. This is due to the salting out effect: The introduction of salt reduces the solubility of the volatile organic compounds in water. When water was used as the solvent, higher detection limits around 1 ppm were reported. Moreover, this study concerned the use of single-component analyte solutions. This indicates that the MIRS-based method has greater potential than NIRS for organic chemical detection, as, unlike NIRS, it is selective, producing distinctive absorption features for each compound. In addition, it has been stated that the direct detection of BTEX compounds in water using NIR is impossible, since the limit of detection of these compounds in water usually exceeds their solubility level. 45 The Raman spectroscopy-based method 49 employed a cylindrical beads as an extraction medium and developed a single calibration curve for each analyte. Although the detection limits in this study were relatively high (1-12 ppm), the calibration models performed well for detection of BTEX compounds in real water samples at a concentration of 20 ppm, indicating that this method is quite selective.
Among the vibrational spectroscopy techniques discussed, NIR spectroscopy has shown the most promise for detection of inorganic parameters such as salts and metals (Table 3 ). In some cases the NIR-based methods were applied directly to solutions, 15, 19, 55 while in others a pre-enrichment step was applied before spectral acquisition. 60 The success of NIRS in detection of metals or salts in solution results from the interaction of cations and anions with the hydrogen bond network in water (i.e., the detection is indirect, based on the effect of the solute on water structure. This is problematic in the case of solutes that result in similar structural effects on the water absorbance bands (e.g., NaCl and KCl) making it impossible to measure concentration of both directly simultaneously in an aqueous mixture using NIRS. 19 The implications of this result for water quality monitoring seems obvious: contaminants that interact with water in a similar fashion will probably not be distinguishable. Thus, the main limitation in with using NIR to detect inorganic parameters is its lack of specificity. Likewise, in the detection of low concentration of contaminants such as cyanide in water using SERS, the applicability of the method depends on its robustness to other contaminants (i.e., the presence of nontarget contaminants should not interfere with the spectrum of the target).
As for the detection of microorganisms in water using vibrational spectroscopic techniques, MIRS 24, 25 and NIRS 26 have shown some potential. However, the complexity of suspensions containing bacteria and biochemical substances in variable water matrices results in highly overlapping spectral features that are difficult to resolve and this makes detection difficult. Ultraviolet spectroscopy, based on atomic electronic transitions and thus not a vibrational technique, is commonly used for evaluating concentration of microorganisms in water due to changes in optical density; however, in real-world samples such changes which may not be due to the presence of microorganisms (e.g., in the case of suspended solids) would influence the calibration. Raman spectroscopy combined with imaging shows somewhat greater potential for differentiation of gram-positive and gram-negative cells based on their morphological characteristics and distinctive Raman spectral signatures. 71, 72 4. EMERGING METHODS
Aquaphotomics
Variations in spectra caused by water are often regarded as a nuisance in vibrational spectroscopy, and numerous methods have been suggested to circumvent such variations, such as exclusion of water bands in data analysis and the use of pre-enrichment stages. Selective enrichment phases are somewhat limited in the sense that they cannot be selective for the broad range of contaminants potentially present in water. Moreover, some chemicals (e.g., tautomers) cannot be removed from water because water actively interacts in their functionality. It has recently been observed that variations in water spectra resulting from perturbations (e.g., contaminants in small concentrations) may be used to gain information the state of aqueous systems. 73 Aquaphotomics uses the interaction between water and NIR light to extract information on the state of biological systems. 74 The water-light interaction in the vibrational spectrum measured for a whole biological or aqueous system is used as a potential source of information for better understanding of water and the biological world. Water absorbance patterns have been identified for disease diagnosis (mammary gland inflammation, oxidative stress, prion disease), identification of bacteria and genetically modified objects. This framework shows potential for contaminant detection in aqueous systems should changes in the water absorbance patterns arising from various contaminants be sufficiently distinguishable.
Terahertz Spectroscopy
The terahertz region is located between the IR and microwave regions of the electromagnetic spectrum, between 0.1 and 10 THz (1 THz = 300 µm). This spectral range is rich in information on crystalline lattice vibration and hydrogen bond stretching. Many plastic and ceramic materials are nearly transparent to terahertz radiation and therefore terahertz spectroscopy can be applied to samples directly within certain containers. Because of this, terahertz spectroscopy has been considered as a potential tool for numerous defense and security applications. 75 Recent technological advances have led to developments in terahertz instrumentation, such as portable systems and imaging systems. Pulsed terahertz spectroscopy, which employs low power, ultrashort pulses of broadband radiation, has been applied to investigate the effect of solutes on water structure. 76 The terahertz region studied (0.2-8 mm) was shown to be more useful than the MIR for probing interactions between neighboring water molecules. More recently, kinetic terahertz has been used to understand the process of protein folding in water. 77 However, the potential of terahertz spectroscopy for evaluation of water quality has not been reported to date.
Imaging Spectroscopy
Imaging spectroscopy combines imaging and spectroscopy to extract intrinsic chemical information from a sample. It extends the capability of conventional spectroscopy through rapid collection of thousands of spectra and has shown much promise for quality evaluation and contaminant detection in food and pharmaceutical products. 78, 79 More recently, this technology has been applied to investigate the absorption and scattering properties of liquids. 80 Instrumentation has developed rapidly in the past 20 years, with NIR, MIR, Raman, and terahertz imaging instruments now available. The advantages of such imaging methods include high throughput analysis, large sampling area, and the potential to examine spatial distribution of components in nonhomogeneous systems. Spectral images may be obtained from the macroscopic scale (e.g., remote sensing) down to the microscopic scale. Remote sensing techniques, although not included in this review, have been applied to large-scale monitoring of water bodies. 81, 82 Remote sensing images are usually obtained for a small number of broad wavebands in the visible and NIR wavelength ranges; however, with the development of low-cost, rugged imaging spectrometers it has become feasible to obtain full-spectrum images that enable an improved description of the targets under study.
Raman imaging has recently emerged as a tool for waterborne pathogen detection. 72 A Raman signature classifier was constructed that could identify gram-positive and gram-negative organisms and proteins at the species level. It was shown that the amount of time tap water was stored for did not have a significant effect on the discrimination between gram-positive organisms, gram-negative organisms, and protein substances. Another research team demonstrated the use of confocal Raman imaging to obtain spatially resolved concentration maps of chemical reactions on microfluidic devices. 83 The isotopic exchange between D 2 0 and H 2 O was used as a model system in this study. This method enabled high selectivity and spatial resolution, however, the mapping system required 1 hr to obtain a full image. Recent developments in Raman imaging include the new generation of global illumination instruments that employ liquid crystal tunable filters for selective transmission of scattered light at narrow wavebands. 84 These instruments present a tremendous time-saving advantage over traditional Raman mapping instruments that obtain single Raman spectra at single points using a mapping platform.
LIMITATIONS AND CHALLENGES
Detection limits reported in the majority of applications of vibrational spectroscopy to water quality monitoring have been in the parts per million range, while the maximum allowable concentration of many contaminants in for water intended for human use is in the parts per billion range (Table 1) . This wide gap between the parts per million and parts per billion concentration presents a major limitation to the adoption of vibrational spectroscopic methods for water quality measurement. At the parts per million detection level, the main use of these systems would be as screening tools for widescale monitoring. It should also be considered that these detection limits are usually quoted for experiments carried out in idealized laboratory conditions. The transfer of such sensors from the lab to water quality monitoring of real environmental water bodies is still a substantial challenge and extensive validation with real environmental water samples is required. Real water bodies are highly complex systems and may contain a large number of pollutants at similar levels. Although numerous studies using membrane extraction have demonstrated robustness to variable water background, the tradeoff between specificity and sensitivity presents a limitation, in that the developed methods can detect only one or a relatively small subset of potential contaminants.
The application of vibrational spectroscopy to continuous monitoring requires that the method be robust to water flow. Various membrane enrichment methods have been shown to be suitable for flow-through measurements; however, again, they are restricted to the number of contaminants they can detect, depending on the composition of the membrane. The optimal chemoselective material for sensing the wide range of contaminants possible is not known; this is further complicated as their solubility is also dependent on extrinsic factors such as temperature, salinity, presence of natural organic matter, oxidation, hydrolysis, and biodegradation. Moreover, the extraction process may change the composition of the contaminants in the water and thus affect the detection ability. Direct measurement on water spectra does not perturb equilibrium to such a great extent as does preextraction. However, in the case of direct measurement of water samples, extrinsic factors such as the flow of water generally increase noise in the measurement. 85 There are needs for improvements in instrumentation, including greater efficiency of light sources, decrease of size, more selective membranes, and development of molecularly imprinted polymers. In terms of the membrane technologies, surface regeneration and sensor reversibility still remains a significant challenge. Membrane degradation over time also is an important factor that needs to be addressed before such sensors can be considered for environmental monitoring. In the aquatic environment, formation of biofilms on sensor surfaces also may present a major problem; modification of the physical and chemical properties of the membrane may be useful to prevent this.
CONCLUSIONS AND FUTURE PERSPECTIVES
It has been estimated that worldwide around 70,000 synthetic chemicals are used by industry daily, resulting in an extremely wide variety of potential contaminants that may find their way into drinking water. 36 With new industrial processes, the varieties of potential contaminants in the water supply expands, and this may occur at a rate faster than the development of diagnostic tests for measuring these compounds in water. Developments in solid phase extraction and membrane enrichment methods coupled with improved signal-to-noise ratio and the availability of low-cost spectrometers have stimulated a vast body of experimental work on the use of vibrational spectroscopy in water quality monitoring. However, it is clear that despite the many advances in the application of vibrational spectroscopy over the past 20 years, much remains to be done before these techniques can be implemented as water quality monitoring tools. Presently, the role of detectors based on vibrational spectroscopy is at best described as complementary to traditional techniques, for screening and wide-scale continuous monitoring. The challenge of developing multicontaminant sensing systems to measure water quality in a reliable and cost-effective way still remains. Increased understanding of water structure and its optical response in the presence of contaminants, made possible by emerging methods such as aquaphotomics, terahertz, and imaging spectroscopy should contribute to the development of such systems.
